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ABSTRACT
This paper presents an in depth look at the jet and coronal properties of 41 AGN. Utilizing the
highest quality NuSTAR, XMM-Newton, and NVSS 1.4 GHz data, we find that the radio Eddington
luminosity inversely scales with X-ray reflection fraction, and positively scales with the distance be-
tween the corona and the reflected regions in the disk. We next investigate a model fit to the data
that predicts the corona is outflowing and propagates into the large scale jet. We find this model
describes the data well and predicts the corona has mildly relativistic velocities, 0.04 < β < 0.40. We
discuss our results in the context of disk-jet connections in AGN.
1. INTRODUCTION
Understanding the symbiosis between accretion and
outflows in the vicinity of black holes is vital to our
understanding of how black holes impact their environ-
ments. Outflows are ubiquitously associated with ac-
cretion disks and can liberate a great deal of energy
through both radiation as well as through kinetic en-
ergy (e.g Begelman et al. 1984; Allen et al. 2006). This
feedback is thought to be responsible for large scale cor-
relations between galaxy dynamics and the mass of the
central supermassive black hole (e.g. M−σ relations,
M−Luminosity relations Greene & Ho 2006; Robertson
et al. 2006; Somerville et al. 2008; Gu¨ltekin et al. 2009b),
as well as heating of the central regions of clusters of
galaxies, halting star-formation that should otherwise be
forming from the cooling cluster medium (McNamara &
Nulsen 2007; Fabian 2012; Prasad et al. 2015).
Highly collimated, relativistic jets are a particular type
of outflow associated with accreting supermassive black
holes and stellar-mass black holes in the X-ray spectrally
“hard-state” (Begelman et al. 1984; Mirabel & Rodr´ıguez
1999). Though unresolvable in stellar-mass black holes,
the jets associated with supermassive black holes vary
in size and structure, from compact cores less than a
few parsecs (Falcke et al. 2000) to highly extended flows
that reach scales of Megaparsecs (Fanaroff & Riley 1974).
Furthermore, jets also vary in luminosity, typically by
a factor of a few in supermassive black holes on yearly
timescales (e.g Barvainis et al. 2005; Chatterjee et al.
2009) and a factor of a few decades in stellar-mass black
holes on daily to monthly timescales (e.g Corbel et al.
2000; Gallo et al. 2003).
The changes in jet luminosity are ascribed to changes
in the accretion flow (e.g. Heinz & Sunyaev 2003; Mer-
loni et al. 2003). Unfortunately, in stellar-mass black
holes in the hard-state and in AGN, the thermal com-
ponent directly probing the accretion disk is absent or
heavily obscured by the host galaxy gas and dust (Fender
et al. 2004; Mart´ınez-Sansigre et al. 2005; Merloni et al.
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2014). This makes quantifying the changes in accretion
rate difficult. Fortunately, the X-ray power-law that is
readily observed is thought to probe the closest regions to
the black holes (e.g., Dai et al. 2003; Pooley et al. 2006;
Dai et al. 2010). Also known as the corona, this X-ray
power-law is either generated via Comptonization of the
disk or jet photons closest to the black hole (Sunyaev &
Titarchuk 1980; Markoff et al. 2001, 2005), and is known
to correlate well with jet luminosity in the other bands.
The strong correlation between the X-ray corona and
radio emission from the core of the jet was first ob-
served in individual stellar-mass black hole sources like
GX 339-4 (Corbel et al. 2000), but later found to extend
to all stellar-mass black holes in the hard-state (Gallo
et al. 2003, 2012). Contemporaneously, when the mass
of the black hole was also added to describe the trend,
researchers found that this relation also held true for su-
permassive black holes (Merloni et al. 2003; Falcke et al.
2004; Ko¨rding et al. 2006; Gu¨ltekin et al. 2009a; Nisbet
& Best 2016). This plane became known as the “funda-
mental plane of black hole activity”, and indicates that
the innermost regions near the black hole (probed by
X-rays) are connected to larger scale production of jets
(probed by the radio band) in a ubiquitous way. How-
ever, there is debate as to whether the X-rays are formed
from upscattered photons from the inner accretion flow
or the base of the jet, both of which are located a few
tens of gravitational radii from the black hole.
To address where the X-rays originate, Merloni et al.
(2003) use the measured coefficients from the fundamen-
tal plane of black hole activity to test various disk-jet
models and assess the X-rays’ origin. The authors find
that in a statistical sense, they can rule out that the X-
ray emission originates from a radiatively “efficient” ac-
cretion flow, and find that a radiatively inefficient accre-
tion is their favored model. However, they can not rule
out optically thin synchrotron emission from the base of
a jet as the primary source of seed photons for the X-ray
component. Conversely, Falcke et al. (2004) preform a
similar analysis and come to the conclusion that the X-
ray emission is dominated by optically thin synchrotron
emission from the jet. Followup work by Ko¨rding et al.
(2006) reconciles the two competing results by asserting
that Merloni et al. (2003) include a sample which spans
a wider range in mass-accretion rates, whereas their own
work focuses on very low-Eddington sources. Ko¨rding
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2et al. (2006) further demonstrate that the measured co-
efficients of the plane are extremely sensitive to the sam-
ple selection. Corroborating this idea that the planes
examine sources with different accretion modes, Merloni
et al. (2003) find a suggestion of higher scatter above
logLX/LEdd = −3 and indicate this could be due to
changes in the accretion states, similar to what is seen in
the “high-soft” state of X-ray binaries.
The suggestion that at very low mass-accretion rates,
the X-ray luminosity from accreting black holes is arising
from the jet, is also supported by other analyses. Strong
correlations between optical/NIR and X-ray observations
of black hole X-ray binaries indicate that the two bands
are intimately connected, and likely both produced in the
jet (Homan et al. 2005; Russell et al. 2006). Furthermore,
conical jet models have been used to model broad-band
spectral energy distributions of individual X-ray binaries,
like GX 339-4, and can explain both the magnitudes and
spectral slopes across the spectral distribution, assuming
the emission is coming from the jet (e.g., Markoff et al.
2005). These models also explain some of the curvature
observed above 10 keV (Markoff et al. 2005), and have
even been extended to broad-band spectral energy dis-
tribution modeling in low-Eddington supermassive black
holes, like M81*, NGC 4051, and M87 (Markoff et al.
2008; Maitra et al. 2011; Prieto et al. 2016).
Interestingly, these jet models assume that the base of
the jet is located within a few tens of gravitational radii
and are accelerated along a region of 100-1000 RG, where
RG = GM/c
2 (Markoff & Nowak 2004; Markoff et al.
2005). As the jet region is assumed to be the source of
the power-law X-ray component that shines down onto
the accretion disk, a predicted relativistic velocity should
have an impact on the reflection features that are gener-
ated and observed in the X-ray band (Beloborodov 1999;
Malzac et al. 2001). Markoff & Nowak (2004) investi-
gate this impact, and find that the mildly relativistic
flow from their model predicts a reflection fraction of
∼10%, consistent with the reflection fraction observed in
GX 339-4. The authors find that the velocity of the base
of the jet is ∼ 0.3− 0.4c ,and the X-ray emission is dom-
inated by synchrotron self-Compton at the base of the
jet in their model. Similar velocities for the corona are
also found in the moving corona model by Beloborodov
(1999), which is also used to describe the X-ray binary,
Cygnus X-1. These authors primarily focus on spectral
features in the X-ray band, and did not include subse-
quent emission in the outflow at other wavelengths like
the model presented by Markoff et al. (2005).
The advantages of the model put forward by Be-
loborodov (1999) is that it is not limited to low Edding-
ton sources like the model of Markoff & Nowak (2004);
Markoff et al. (2005). It does not assume anything about
the accretion flow in the model (Beloborodov 1999). In
addition, the model presented by Beloborodov (1999)
and further explored via Monte-Carlo simulations by
Malzac et al. (2001), not only characterizes the mag-
nitude of the reflection fraction in X-ray binaries, but
also characterizes the observed relation between reflec-
tion fraction and the X-ray power-law spectral index in
both X-ray binaries and AGN (Zdziarski et al. 1999; Gil-
fanov et al. 1999). This correlation arises in the mov-
ing corona model because a corona that has a faster ve-
locity away from the disk beams radiation away, which
lowers the reflection fraction. At the same time, less
emission is returning to the corona, reducing the amount
of cooling in the corona, which creates a harder spec-
tral index. Contrary to the models presented by Markoff
& Nowak (2004) and Markoff et al. (2005), the spectral
index-reflection fraction correlation suggests that though
the corona is outflowing and possibly the base of a jet,
the seed photons arise from the disk rather than the base
of the jet (Beloborodov 1999; Malzac et al. 2001). Rec-
onciling these two models is difficult, but the works may
describe different accretion regimes. The sample of AGN
in Zdziarski et al. (1999) is dominated by Seyferts, which
are generally thought to be at a relatively high Edding-
ton fraction as compared to the X-ray binaries. In such a
regime, one could expect disk photons to dominate over
synchrotron or synchrotron self-Compton photons from
the jet, and therefore may not be in strong contradiction
with the low Eddington models put forth by (Markoff &
Nowak 2004; Markoff et al. 2005).
In the models presented by Beloborodov (1999),
Malzac et al. (2001), Markoff & Nowak (2004), and
Markoff et al. (2005), the velocity of the corona is the
key parameter in determining the reflection strength and
spectral properties observed in accreting black holes. Al-
though not assessed quantitatively, this finding that a
faster velocity results in a lower reflection fraction qual-
itatively seems to agree with observations of radio-quiet
and radio-loud AGN. This is assuming the coronal ve-
locities propagate into the jet, causing an increase of jet
power when the corona velocity is higher. Radio-quiet
Seyferts have strong reflection signatures and compar-
atively low jet powers compared to radio-loud Seyferts
that have weak reflection features and strong jet pow-
ers (Zdziarski et al. 1995; Wozniak et al. 1998; Eracleous
et al. 2000). Wozniak et al. (1998) even hint at this
idea, as they suggest the small reflection fractions in their
radio-loud AGN sample could be due to the continuum
emission “collimated” away from the disk at mildly rel-
ativistic speeds, i.e. a jet.
In this paper, we aim to expand upon these higher-
Eddington AGN reflection studies with direct compari-
son to jet luminosities in order to further explore the na-
ture of the X-ray corona. By quantitatively comparing
the reflection features to the jet power, we will examine
the viability of the model which postulates the corona is
moving mildly relativistically at the base of a jet.
2. THE AGN SAMPLE
Two AGN samples are included in this work. The first
is comprised of 32 AGN observed with NuSTAR (Har-
rison et al. 2013), which focuses on the reflection fea-
tures observed in the broad-band X-ray spectra. The sec-
ond is a sample of 22 AGN observed with XMM-Newton
(Jansen et al. 2001), which focuses on the X-ray reflec-
tion timing properties of these AGN. 13 AGN overlap
between the two samples, see Table 1.
2.1. The NuSTAR Reflection Fraction Sample
NuSTAR is a powerful satellite that measures the X-
ray spectra between 3–79 keV (Harrison et al. 2013).
This band is extremely well suited for studying accretion
onto black holes, as this is the band where we expect to
observe distinct features from the accretion disk. The
3TABLE 1
AGN Sample
Name redshift logM (M) Ref log(L1.4GHz/LEdd) Ref θµ (◦) Ref logR logH (RG)
1H 0419-577 0.1040 8.00 ±0.30 LB − 24 -6.47±0.43 1 53 40 -0.40+0.11−0.13 -
1H 0707-495 0.0406 6.37 ±0.60 LB − 10 - - 69 49 0.75+0.25−0.45∗ 0.6±0.6
3C 120 0.0330 7.75 ±0.04 r − 8 -4.81±0.31 1 25 14 -0.56±0.04 -
3C 273 0.1583 8.40 +0.08−0.11 r − 8 -2.84+0.32−0.33 1 6 32 -1.05+0.05−0.06 -
3C 382 0.0579 9.06 ±0.42 LB − 13 -5.83±0.52 1 45 34 -0.78+0.06−0.07 -
3C 390.3 0.0562 8.64 +0.04−0.05 r − 8 -5.06±0.31 1 27 32 -0.69+0.05−0.06 -
4C 74.26 0.1040 9.62 ±0.60 LB − 10 -6.87±0.67 1 43 36 -0.30±0.04 -
Ark 120 0.0327 8.07 +0.05−0.06 r − 8 -7.58±0.31 1 45 45 -0.21±0.04 -
Ark 564 0.0247 6.00 ±0.30 r − 8 -5.36±0.43 1 45 52 -0.29±0.05 1.3+0.5−0.8
Cen A 0.0018 8.38 +0.40−0.54 g − 9 -6.08+0.50−0.62 3 76 35 -0.57+0.02−0.03n -
Cyg A 0.0561 9.46 +0.09−0.12 g − 9 -3.72+0.32−0.33 1 80 32 < −1.21∗ -
ESO 362-G18 0.0124 7.65 +0.12−0.17 r − 8 -7.95+0.33−0.35 1 53 59 - 0.8±0.3
Fairall 9 0.0470 8.30 ±0.10 r − 8 - - 11 48 -0.33±0.04 -
IC 4329A 0.0161 7.00 ±0.10 r − 8 -6.41±0.32 1 18 33 -0.52±0.02 1.1+0.3−0.4
IRAS 13224-3809 0.0658 6.80 ±0.50 LB − 19 -5.98±0.59 1 60 52 0.36+0.12−0.06∗ 1.0+0.7−0.8
IRAS 17020+4544 0.0604 6.54 ±0.50 LB − 19 -4.51±0.59 1 8 56 - 0.9+0.7−1.0
MCG -05-23-16 0.0085 7.60 ±0.70 OIII − 16 -8.25±0.76 1 38 44 -0.49±0.02 0.7+0.9−1.0
MCG -06-30-15 0.0077 6.46 +0.21−0.35 X − 18 -8.10+0.37−0.46 4 33 46 0.01+0.03−0.02 -
MS 2254.9-3712 0.0390 6.60 ±0.50 X − 22 -6.15±0.00 1 39 60 - 1.9+0.7−0.9
Mrk 335 0.0258 7.23 ±0.04 r − 8 -7.18±0.31 1 60 27 0.55±0.04 0.4+0.2−0.3
Mrk 509 0.0344 8.05 ±0.04 r − 8 -7.32±0.31 1 56 51 -0.32+0.07−0.04 -
Mrk 766 0.0129 6.82 +0.05−0.06 r − 8 -6.66±0.31 1 34 28 -0.10±0.06 -
NGC 1365 0.0055 7.66 ±0.30 X − 12 -7.25±0.43 1 65 31 0.20±0.03∗ 0.3±0.4
NGC 2110 0.0078 8.30 ±0.30 σ − 10 -7.69±0.43 1 72 38 -0.74+0.07−0.08 -
NGC 3516 0.0088 7.40 +0.04−0.07 r − 8 -7.66±0.31 1 38 43 -0.02±0.03 -
NGC 3783 0.0097 7.40 ±0.08 r − 8 -7.42±0.32 1 22 57 - 0.1+0.2−0.3
NGC 4051 0.0023 6.13 +0.10−0.20 r − 8 -7.08+0.32−0.37 1 22 30 0.17±0.03 1.1±0.3
NGC 4151 0.0033 7.56 ±0.05 r − 8 -7.62±0.31 1 18 25 0.00+0.04−0.03 0.7+0.2−0.3
NGC 4593 0.0090 6.88 +0.08−0.10 r − 8 -7.93±0.32 1 32 50 -0.26±0.04 -
NGC 5506 0.0062 7.40 ±0.30 σ − 11 -6.93±0.43 1 44 37 -0.17±0.03 0.5+0.5−0.7
NGC 5548 0.0172 7.12 ±0.02 r − 8 -6.84±0.31 1 46 26 -0.43±0.02 0.7±0.2
NGC 6860 0.0149 7.60 ±0.50 LB − 19 -7.81±0.59 7 61 58 - 0.3+0.7−0.9
NGC 7213 0.0058 7.99 ±0.30 σ − 10 -7.33±0.43 5 21 39 -0.52±0.05 -
NGC 7314 0.0048 6.78 ±0.30 g − 20 -7.54±0.43 1 9 39 - 0.4+0.4−0.5
NGC 7469 0.0163 6.96 +0.05−0.05 r − 8 -5.92±0.31 1 23 55 - 1.6+0.3−0.7
PDS 456 0.1840 9.00 +0.50−1.00 X − 17 -6.69+0.59−1.05 1 70 40 0.11+0.14−0.07 -
PG 1211+143 0.0809 8.16 ±0.13 r − 8 -7.60±0.33 6 44 29 0.45+0.06−0.07 0.2+0.4−0.9
PG 1244+026 0.0482 7.26 ±0.50 σ − 21 -6.70±0.59 1 38 53 - 0.9±0.7
PG 1247+267 2.0380 8.92 +0.15−0.17 r − 8 -6.10+0.34−0.35 2 34 41 < 0.95 -
REJ 1034+396 0.0424 6.30 ±0.30 X − 23 -5.26±0.43 1 30 54 - 1.7+0.5−0.6
SWIFT J2127.4+5654 0.0144 7.18 ±0.60 LB − 14 -7.70±0.67 1 49 47 0.23±0.03 0.7+0.7−0.8
Note. — This table lists all the AGN utilized in this analysis. The reflection fraction, logR, is determined via broad band spectral fits to
NuSTAR data, while the distance between the corona and emitting regions in the disk, logH, is determined via X-ray reverberation lags in
XMM-Newton data (Kara et al. 2015). The time lags do not include the additional dilution factor that is later applied during the analysis. ∗
denotes the fits which include an additional broad Fe Kα line via relline (Dauser 2015). n denotes the fits that include additional absorption
in the broad band X-ray spectral fits. References: 1 Condon et al. (1998), 2 extrapolated from 4.9 GHz Barvainis et al. (1996), 3 Condon
et al. (1996), 4 Ulvestad & Wilson (1984), 5 Wright et al. (1994), 6 Becker et al. (1995), 7 Mauch et al. (2003), 8 reverberation masses Bentz
& Katz (2015), 9 gas dynamics masses Marconi & Hunt (2003), 10 stellar-velocity dispersion, M-LB Woo & Urry (2002), 11 stellar-velocity
dispersion Papadakis (2004), 12 X-ray scaling Kara et al. (2015), 13 M-LB Marchesini et al. (2004), 14 M-LB Malizia et al. (2008), 15 X-ray
scaling Iwasawa et al. (2016),16 O III FWHM Wandel & Mushotzky (1986), 17 X-ray scaling Nardini et al. (2015), 18 X-ray scaling McHardy
et al. (2005), 19 M-LB Ponti et al. (2012), 20 gas dynamics Schulz et al. (1994), 21 velocity dispersion Marconi et al. (2008), 22 X-ray scaling
Alston et al. (2015), 23 X-ray scaling Alston et al. (2014), 24 M-LB Fabian et al. (2005), 25 Keck et al. (2015), 26 Steenbrugge et al. (2003),
27 Gallo et al. (2015), 28 Brenneman & Reynolds (2009), 29 Lobban et al. (2016), 30 Ballantyne et al. (2001), 31 Walton et al. (2014), 32
Jorstad et al. (2005), 33 McKernan & Yaqoob (2004), 34 Giovannini et al. (2001), 35 Fu¨rst et al. (2016), 36 Hasenkopf et al. (2002), 37 Matt
et al. (2015), 38 Rosario et al. (2010), 39 Ruschel-Dutra et al. (2014), 40 Walton et al. (2010), 41 Lanzuisi et al. (2016), 42 Guainazzi et al.
(2016), 43 Noda et al. (2016), 44 Zoghbi et al. (2013) , 45 Garc´ıa et al. (2014), 46 Marinucci et al. (2014b), 47 Marinucci et al. (2014a),
48 Lohfink et al. (2016), 49 Fabian et al. (2012), 50 Guainazzi et al. (1999), 51 Boissay et al. (2014), 52 Chainakun et al. (2016), 53 Kara
et al. (2014), 54 Czerny et al. (2010), 55 Patrick et al. (2011), 56 Leighly (1999), 57 Brenneman et al. (2011), 58 Bennert et al. (2006), 59
Ag´ıs-Gonza´lez et al. (2014), 60 no inclination was found; we therefore used the average viewing angle from the timing sample of AGN.
4most prominent features are the relativistically broad-
ened Fe Kα line at 6.4–6.97 keV, and the Compton hump
at ∼ 20 keV (e.g., George & Fabian 1991; Reynolds
1999). In addition, both of these features probe the
corona, as a distribution of high energy particles above
the disk is required to shine down and fluoresce the Fe Kα
line as well as scatter photons into the Compton hump
spectral feature.
Thirty two AGN are publicly available in the NuSTAR
archive as of 1 August 2016 that meet the criterion for
this study. This criterion includes Compton-thin AGN,
i.e. NH < 10
24 cm−2, with at least 20 ks exposure time.
The average total exposure time of 〈texp〉 = 160ks, with
an average total counts of 〈Cts〉 = 1.8× 105 photons.
Each of these AGN NuSTAR data were reduced using
the standard reduction pipeline nupipeline, during which
the screening saamode was set to strict to ensure a low
background level. We produced NuSTAR spectra from
the cleaned event files using the tool nuproducts. A
60 arcsec and 120 arcsec circular extraction region was
used for the source and background regions, respectively.
Both focal plane modules (FPM) A and B spectra were
produced. For the targets with multiple observations,
the spectra of each focal plane module were summed
to create average spectra. The AGN are expected to
be variable in the X-ray band, both in flux and spec-
tral features (e.g. Nandra et al. 2000; Fabian et al. 2012;
Parker et al. 2014; Wilkins et al. 2014, 2015). However,
as we are comparing the reflection measurements to radio
measurements taken years apart from the X-ray obser-
vations, variability between the observations likely dom-
inates the systematic errors. In addition, because dy-
namical timescales scale with mass of the black hole, the
X-ray variability will primarily effect our least massive
sources. We therefore concentrate on the average X-ray
properties of the AGN and include extra uncertainties
in the radio band to account for variability between the
measurements (See Section 2.3).
The average FPMA and FPMB spectra were re-binned
to include 20 counts per bin for the spectral modeling.
The 3-78 keV energy range was used for the spectral
modeling. We fit the spectra in ISIS (Houck & Deni-
cola 2000) with a model based on a phenomenological
cutoff power-law continuum. We limit the high energy
cutoff of the power law to be larger than 75 keV to avoid
confusion with the Compton hump. The xillver model
(Garc´ıa et al. 2013) is then used to fit the Fe Kα line
and Compton hump. It simply and uniformly quanti-
fies the total reflection fraction, which is measured as
R = Ω/2pi, where Ω is the solid angle that the corona
subtends. In most cases, the resolution of NuSTAR does
not allow for disentangling the neutral from ionized re-
flection components, and therefore we only include one
xillver component to quantify both. See Section 4.1
for further discussion.
The inclination parameter included in xillver is fixed
at the value given in Table 1 because it cannot be pre-
cisely constrained from our data. These values were
primarily selected from higher resolution reflection fits
which can measure the inclination of the inner disk (e.g.,
Walton et al. 2014; Garc´ıa et al. 2014; Kara et al. 2014).
When this was not available, we utilized inclinations from
the jet, assuming the jet axis is aligned perpendicular to
the disk (e.g., Giovannini et al. 2001; Jorstad et al. 2005).
Finally, we used inclinations of the infrared torus when
no other estimates were available (Ruschel-Dutra et al.
2014). The average viewing inclination for our sample is
〈θinc〉 = 41◦, which is to be expected as our sample se-
lects against type II AGN that are viewed close to edge
on, i.e. large inclinations.
To model the Fe Kα line well, the iron abundance is
allowed to vary from 0.5 to 3 times solar, which incorpo-
rates the typical values measured for most AGN (Walton
et al. 2013). The whole model is modified by the absorp-
tion from our own Galaxy described by the model TBnew
with the cross section set to vern (Verner et al. 1996) and
the abundances set to wilm (Wilms et al. 2000). The ab-
sorption column is kept fixed to the average value from
the NH Tool for each source. This very basic baseline
model provides a good fit (χ2red < 1.5) to 25 of the 30
sources. For the five sources with reduced χ2 larger than
1.5, we included excess absorption and/or a board Fe
Kα line (relline, Dauser 2015). These components are
denoted in Table 1. The 1σ errors for the reflection frac-
tion are also given in Table 1, and where the reflection
fraction is only an upper limit, the 3σ errors are given.
Finally, in several of the radio-loud sources, one might
expect an additional jet component in the continuum
that would artificially dilute the reflection signal. In
our sample, the strongest radio sources are Cyg A, 3C
382, Cen A, 3C 390.3, 3C 273, 4C 74.26, and 3C 120.
However, in individual detailed analysis of these sources,
we find our reflection fractions are consistent with those
published in the literature using the same NuSTAR data
sets, albeit sometimes slightly lower (e.g., Madsen et al.
2015; Reynolds et al. 2015; Fu¨rst et al. 2016). As theses
studies test for the possibility of an additional jet com-
ponent but do not find a significant contribution from
one, we may be underestimating the reflection fraction
in a few of these sources but not by a significant amount.
2.2. The XMM-Newton Fe Kα Time-Lag Sample
XMM-Newton is also a powerful X-ray satellite whose
higher collecting area and spectral resolution surpasses
that of NuSTAR, but with a more limited band pass, 0.3–
10 keV (Jansen et al. 2001). With its high collecting area,
it is well suited for timing analysis of even the faintest
X-ray sources. X-ray reverberation features of the in-
ner accretion disk are expected on dynamical timescales,
which for supermassive black holes occur on order of a
few hundred seconds.
In particular, one of the most prominent timing fea-
tures is the high-frequency lag associated with the Fe Kα
region lagging behind the X-ray continuum. The size and
shape of the time lags are quite informative, as they en-
code information about the height and geometry of both
the emitting and reflecting regions (Wilkins et al. 2016).
We assume the amplitude of the time lag, tlag, is a good
estimate of the extra light path taken by the photons that
get reflected off the accretion disc, H =
tlagc
3
GM . However,
this does not include the effect of dilution on the lag (see
Kara et al. 2016; Uttley et al. 2014, for detailed discus-
sions). In short, the time lag is measured between energy
bands that contain both primary and reflected emission,
and therefore this dilutes the actual light travel rever-
beration lag. This dilution effect needs to be modeled
5individually for each source (e.g. Cackett et al. 2014),
and therefore the uncorrected lags presented in Table 1
should be taken as a lower limit on the light travel time.
Dilution corrections may increase the reverberation lag,
and we account for this in Section 3.2.3.
Our Fe Kα time lag sample comes from Kara et al.
(2016). The authors have undertaken a comprehensive
X-ray spectral timing analysis of all Seyfert AGN in the
XMM-Newton archive that have at least 40 ksec expo-
sures and show substantial variability. Of the 43 AGN
analyzed, 21 sources have detected X-ray lag signatures.
The amplitude of these time lags range from 50–1800
seconds. In addition, eleven of these sources overlap
with the NuSTAR reflection sample, although the XMM-
Newton observations are not contemporaneous with the
NuSTAR observations (Table 1).
2.3. Radio Luminosities
As the X-ray band probes the coronal properties, the
radio band probes the jet power via synchrotron radi-
ation from the accelerated particles along the magnetic
fields in the jet (Allen et al. 2006; Merloni & Heinz 2007).
The radio flux densities are primarily taken from the
NRAO VLA Sky Survey (NVSS) (Condon et al. 1998).
This is a 1.4 GHz survey covering the entire sky north of
−40◦ declination. It has a restoring beam of 45 arcsec
at full-width half-maximum, and reaches a root-mean-
square of 0.45 mJy. Given a 5σ detection limit, the
faintest sources in the catalog are > 2.3 mJy. Several
sources were either located outside the survey area or un-
detected. Whenever possible, we included measurements
at 1.4 GHz, but a select few sources, PG 1247+267 and
NGC 7213, were extrapolated from either 843 MHz or 5
GHz. See Table 1 for the radio luminosities.
The majority of the sources in our sample are point-like
sources. However, several radio-loud sources (4C 74.26,
3C309.3, 3C 382, Cen A, Cyg A) do show extended emis-
sion even at the NVSS survey resolution. We restrict the
measurements to the core component, though some emis-
sion from the lobes may have been included due to the
large restoring beam.
The radio measurements are not simultaneous with the
reflection or reverberation measurements. In fact, most
measurements are made over a decade apart. Variability
in the radio-quiet and radio-loud is generally on order of
20% on monthly timescales (Barvainis et al. 2005), and
larger variations are expected on yearly timescales (e.g.
Chatterjee et al. 2009, 2011). Therefore, to address this
variability, we include a factor of 0.3 dex in the system-
atic uncertainty of the radio luminosities, which domi-
nates over any measurement uncertainties.
2.4. Black Hole Mass Estimates
The radio luminosities are scaled by their black hole
masses, which allows for self-similar comparison between
the AGN. We refer to this radio luminosity as the “ra-
dio Eddington luminosity”, which we explicitly define as
the 1.4 GHz radio luminosity, LR, divided by the Ed-
dington luminosity, LEdd = 1.38 × 1038(M) ergs s−1,
where M is the mass of the supermassive black hole.
The black hole masses are primarily derived from optical
reverberation measurements, assuming a scaling factor
〈f〉 = 4.3 (Bentz & Katz 2015; Grier et al. 2013). For
those sources where reverberation masses are not avail-
able, gas kinematics, virial velocities, optical luminosity
and X-ray scaling relations are all used in order to esti-
mate the black hole masses. We list the masses in Table
1. The uncertainty for these mass estimates range from
a few percent to 0.6 dex in the case of the X-ray scaling
relations. PDS 456 has the most uncertain mass esti-
mate as Nardini et al. (2015) use the measured X-ray
luminosity with an expected Eddington ratio to estimate
its mass.
The black hole mass distribution spans four decades in
mass, with an average mass of 〈logM〉 = 7.6M, and
a standard deviation of σ=0.9. The black holes with re-
flection measurements have an average mass of 〈logM〉 =
7.8M and σ = 0.9 , while the black holes with X-ray re-
verberation measurements have a slightly smaller mass
distribution at 〈logM〉 = 7.1M and σ = 0.5. The
black holes are also accreting at relatively high mass-
accretion rates LX/LEdd & 10−3, indicating the disk
should be a thin disk rather than an advection dominated
regime(e.g., Narayan & Yi 1995; Narayan 2005). This
assumes the bolometric luminosity should be at least an
order of magnitude higher than the X-ray luminosity.
3. ANALYSIS
3.1. Linear Fits
Figure 1a shows the reflection fraction versus radio Ed-
dington luminosity. There is an apparent inverse corre-
lation between the two parameters, though the sample
is dominated by Seyfert galaxies clustered at low radio
Eddington fractions. To test the strength of this corre-
lation, we used a Markov chain Monte-Carlo (MCMC)
to fit a linear fit to the NuSTAR reflection fraction data
in log space with an intrinsic scatter, implemented with
python’s PyMC v2.3.6 (Fonnesbeck et al. 2015). The
detected data points were drawn from a Normal distri-
bution determined by their 1-σ error bars. The data
points with upper limits were drawn from a uniform dis-
tribution in linear space between zero and the 3-σ upper
limit. The fits were only marginally dependent on the
upper limit priors. We used 100,000 steps and discarded
the initial third of the distribution.
The resulting best-fit relation is logR =−(0.22 ±
0.06)log(LR/LEdd)−(1.7 ± 0.4)and an intrinsic scatter
of σR=0.35
+0.06
−0.05 (Table 2). We test this against our
null-hypothesis of no correlation, i.e., m=0, and find the
relation is inconsistent with this with a probability of
p=1.2× 10−4.
Figure 1b shows a positive correlation between the
corona-disk path length, derived from reverberation time
lags, and the radio Eddington luminosity. A linear fit in
log space to the XMM-Newotn data is given by logH =
0.25+0.07−0.08 log(LR/LEdd)+ 2.5±0.5 with an intrinsic scat-
ter of σH =0.26
+0.11
−0.09(Table 2). Again, we utilized an
MCMC model, drawing the data from a Normal distri-
bution using 1-σ uncertainties and a uniform distribution
between zero and 3σ upper limits in linear space for the
non-detections. This fit is also inconsistent with the null
hypothesis of no correlation, i.e. m=0, at p =3.7× 10−4.
In addition, this fit is inconsistent with a slope of unity at
p <1× 10−5. This is important to note as both the path
length and radio Eddington luminosity scale inversely
with mass, by definition. Therefore, if mass was singu-
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Fig. 1.— Panel a) shows the NuSTAR reflection fraction versus the radio Eddington luminosity. There is an inverse correlation between
these two parameters, and a slope of 0 can be ruled out with a probability of p =1.2×10−4. Panel b) shows XMM-Newton sample estimated
path lengths between the corona and disk derived from reverberation lag measurements, versus the radio Eddington luminosity. A positive
correlation is observed, and a slope of 0 is inconsistent at the p =3.7 × 10−4confidence level. Both panels suggests changes in the corona
as the radio power increases. Error bars are 1σ.
larly driving this relation, the slope would be consistent
with unity, which we do not find.
Together, these two relations (Figures 1a& b) indicate
that changes in the corona are linked to jet production
in AGN.
3.2. The Corona-Jet Model
We next investigate a physically motivated model that
predicts both changes in reflection fraction and disk-
corona distance as a function mass-accretion rate and,
consequently, jet power. These changes are assumed
to originate in a corona that is moving away from the
disk. As the velocity increases, more of the coronal radi-
ation is beamed away from the accretion disk, decreasing
the reflection fraction. If the corona is outflowing from
the disk, it is reasonable to assume that it is associated
with the base of the jet, and that increases in veloc-
ity in the corona propagate into the jet. The increased
velocity in the jet results in more efficient synchrotron
radiation, and thus a more radiatively powerful jet. Fi-
nally, an increase in mass-accretion rate is assumed to
drive the increase in velocity. The higher mass-accretion
rate provides both a larger radiation field to push on
the charged particles via Compton scattering, and plau-
sibly a stronger magnetic field, which can dissipate in
the corona, also accelerating the charged particles (e.g.
Kara et al. 2016). In addition, the local sound speed may
also set the corona velocity (Markoff et al. 2005), which
increases with mass-accretion rate.
In addition, as the mass-accretion rate increases, a
region in the inner disk becomes radiation dominated.
The ionization of this region increases and the reflection
fraction decreases (Garc´ıa et al. 2013). At high enough
mass-accretion rates, the inner region becomes so opti-
cally thick that the radiation is advected across the event
horizon, again dramatically decreases the reflection fea-
tures (Narayan et al. 1998). Therefore, the most promi-
nent “reflection” region moves outward in the disk to the
gas-pressure dominated regions, increasing the observed
time-lags, and therefore the predicted path length be-
tween the corona and emission region in the disk (Figures
2a&b). In the following subsections each of the particu-
lar model components (moving corona, jet, and disk) are
described in detail.
3.2.1. The Moving Corona
Beloborodov (1999) describe a model for computing
reflection fractions for a moving corona. They developed
this model to fit the small reflection fraction in stellar-
mass black hole Cygnus X-1. As a result, the model
not only fit the small reflection fraction in Cygnus X-1
(R ∼ 0.3) but also the hard spectral index of Γ = 1.6
with a moving corona with velocity β = v/c = 0.3.
In this model, as the corona moves away from the disk,
the photons get Doppler shifted away, resulting in a de-
crease of flux illuminating the disk. This results in a
reflection fraction that is dependent on velocity as:
R =
(1 + β/2)(1− βµ)3
(1 + β)2
(1)
where µ = cos θµ, θµ is the viewing angle to the source.
3.2.2. Self-Similar Jet
In order to compare the predicted reflection fraction to
the jet luminosity, we next assume the radio luminosity
is well described by the self-similar, optically thick jet
model. Synchrotron emission from a self-similar jet that
is optically thick, α = 0, where Sν ∝ να, scales with
both black hole mass, M , and mass-accretion rate, m˙ =
M˙/M˙Edd as,
LR ∝M187/120m˙17/15. (2)
where LR is the radio luminosity, and we assume a stan-
dard thin, gas-pressure dominated disk (Heinz & Sun-
yaev 2003). The magnetic field in a gas-pressure dom-
inated disk also scales with black hole mass and mass-
accretion rate as
B2 ∝ m˙4/5M−9/10 (3)
7(a) (b)
Fig. 2.— This cartoon depicts our model that suggests the reflection region and jet power increases as a black hole moves from a low
accretion rate (a) to a higher accretion rate (b). The accretion disk is denoted with red particles while the corona and jet are denoted by
green and blue particles, respectively. The corona shines down on the disk, causing the inner regions to fluoresce, denoted by the brightest
regions in the disk surrounding the black hole. As the mass-accretion rate increases from (a) to (b), a region of the inner disk becomes
radiation pressure dominated and vertically extended (torus-like structure in b). Eventually the ionization in this region becomes high
enough that the reflection features are not easily detected, and the reflection is measured further out in the disk. In addition, as the
mass-accretion rate increases, the corona moves faster and the jet increases in power, depicted in these figures as a wider extent of the jet.
These figures are not to scale, and were created using the open source 3-D visualization software Blender (https://www.blender.org).
(Heinz & Sunyaev 2003). Finally, we assume that the
gas pressure in the jet is proportional to the magnetic
field strength,
B2 ∝ ρj(γ − 1)c2 (4)
where γ = (1− β2)−1/2, and ρj is the gas density in the
jet. We note that we keep ρj fixed, but this could likely
change as a function of mass-accretion rate, mass of the
black hole, and even magnetic field strength, depending
on how the jets are loaded.
Combing Equations 2, 3 & 4 gives the following radio
luminosity dependence on velocity:
LR
LEdd
= NM(γ − 1)17/12 (5)
where where LEdd = 1.38 × 1038(M) ergs s−1, and N
is a normalization constant that we fit for in our final
MCMC simulations.
3.2.3. Standard Accretion Disk
In addition to predicting the reflection fraction from
a moving corona and the luminosity from the optically
thick jet , we can use the model to predict the relative
path length between the corona and the disk, H. As
H is estimated from the X-ray reverberation time-lags,
we assume it is the shortest path between the corona
and the most efficient reflecting region in the disk, Rrefl.
Rrefl is typically assumed to be the inner radius of a thin
disk, as this is the region that has the highest emissivity
to produce both the Fe Kα line and Compton hump re-
flection features (Reynolds 1999). However, high mass-
accretion rates can result in a region in the inner disk
that is radiation pressure dominated. The inner layers
in this region may become overly ionized as it increases in
scale height and temperature, thus unable to efficiently
produce distinct reflection features (Shakura & Sunyaev
1973; Garc´ıa et al. 2013). The boundary, rb, between the
radiation pressure and the standard, gas-pressure domi-
nated regions scales as:
{
rb
(1−r−1/2b )16/21
= 150(αDM)
2/21m˙16/21, m˙ & 1170 (αDM)−1/8
rb = risco, m˙ <
1
170 (αDM)
−1/8
(6)
where αD parameterizes the viscosity in the disk, and
risco is the innermost stable circular orbit (ISCO)
(Shakura & Sunyaev 1973). Combining Equations 2 and
6 and assuming Rrefl = rb, we find the inner disk radius,
where the reflection features can easily arise, scales with
luminosity as: Rrefl(1−R−1/2refl )16/21 = N2
(
LR/LEdd
M5/12
)80/119
, LRLEdd > LcritM
5/12
Rrefl = Rrefl,0,
LR
LEdd
< LcritM
5/12
(7)
Lcrit is a combination of the factor that scales the mass
and mass-accretion rate to an observable 1.4 GHz lumi-
nosity (LR, Equation 2) and the normalization,
1
170α
1/8
D
,
in the conditional dependence of Equation 6. We assume
Rrefl,0 = 1.23697RG, i.e. the smallest inner radius for
a maximally spinning black hole, a = 0.998 (Bardeen
et al. 1972). Making sure the distribution is continuous,
we re-write N2 as:
N2 =
Rrefl,0
(1−R−1/2refl,0)16/21
L
−80/119
crit . (8)
Interestingly, the reflection fraction is only sensitive to
changes in the scale height at very small radii, < 10RG
(Dauser et al. 2016). Therefore, for the simplicity of the
model, we ignore this effect for the reflection calculations
and only include them in the coronal height calculations.
We also stress the assumption of Rrefl = rb is an over
simplification, and that there likely is still some emission
coming from the radiation pressure dominated regions,
especially during the initial transitions. However, it is
still illustrative in this first-order approximation we are
making (See Section 4.3 for further discussion).
Finally, we take into account the dilution of the time
lags due to varying contributions of the reflected spec-
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Fig. 3.— This figures shows the best fitting model of a moving corona and self-similar jet emission overlaid on our data (Table 2). We
assume an average mass of 〈logM〉 = 7.8 and 〈logM〉 = 7.1 for the model displayed in panels a) and b) respectively, and the solid shaded
regions give the resulting 1σ confidence levels in the vertical direction. The gradient shaded regions denote the AGN that have radiation
pressure dominated inner disks. The darker the shading the larger the radiation-dominated region.
trum as a function of energy. Dilution is correlated with
the percentage of observed reflected emission as com-
pared to the continuum emission, and scales as D = R+1R
(see Cackett et al. 2013, 2014; Wilkins & Fabian 2013,
for more details). Figure 4e shows the effects of including
the dilution factor in our model by plotting the corrected
path length as a function of reflection fraction. The di-
lution factor as a function of reflection factor decreases
the time lag and therefore inferred path length, H:
H =
Rrefl
D sin θ
. (9)
where sin θ is assumed to be the same for the entire sam-
ple.
3.2.4. MCMC Setup
We jointly fit the NuSTAR reflection strength sample
and XMM-Newton coronal time-lag sample as functions
of radio Eddington luminosity with the moving corona,
self-similar jet, and standard thin disk accretion model
using Equations 2, 5 & 10 and an MCMC. The only free
parameters in this model are the geometry, θ, the normal-
ization, N , and the critical luminosity, Lcrit. Because the
dilution factor depends on reflection fraction, the normal-
ization constrains both the NuSTAR and XMM-Newton
distributions. This can be seen in Figures 4a&b, where
we hold all other parameters constant and change the
normalization. Figures 4c&d show the results of holding
all other parameters constant and changing the critical
luminosity or viewing angle, respectively. One can see
that these later parameters only effect the XMM-Newton
time-lag samples.
We assume a log-normal prior on all the detected
data, and a uniform prior between 0 and the 3σ up-
per limits in linear space for the non-detections. We
assumed a log-uniform prior for the critical luminosity,
−13 < logLcrit < −6, as well as uniform in the normal-
ization, −15 < logN < −7. Finally, we assume a uni-
form prior on 0 < sin θ < 1. We used a total of 100,000
steps, burning the first third of the distribution for each
MCMC run. After checking for convergence using four
independent runs utilizing a Gelman-Rubin statistic for
each parameter in question (Gelman & Rubin 1992), the
final results are given in Table 2 and over plotted in Fig-
ures 3a&b.
3.2.5. MCMC Results
The results of the MCMC fits are given in Table 2 and
plotted in Figures 3 a&b. We find that our model does
fit the data well, and has scatters very comparable to
the individual linear fits. The small θ = 13+5−4
◦indicates
the path length inferred from the time lags between the
corona and reflecting regions in the disk are on order of
the corona height above the disk. For emission coming
from close to the ISCO of a maximally spinning black
hole at mass-accretion rates a few percent of Eddington,
this corresponds to a height of ∼ 5RG. This is consis-
tent with heights measured in several radio-quiet Seyfert
AGN where the disk extends down to the ISCO (Miniutti
& Fabian 2004).
The critical luminosity is measured to be logLcrit =
−(9.6± 0.3) . This corresponds to a radio Eddingotn lu-
minosity of log(LR/LEdd) ≈ −6.5 using the average mass
of the sample of 〈logM〉 = 7.6. In our model, this pa-
rameter determines at what radio Eddington luminosity
the height of the corona is no longer constant but begins
to scale with radio Eddington luminosity and mass of the
black hole (Figure 4b). Physically, logLcrit determines
when the inner disk structure becomes radiation pressure
dominated (Shakura & Sunyaev 1973). The shaded re-
gions in Figures 3 a&b mark the region where the inner
disk is radiation pressure dominated given the average
mass of the distribution, with the darker regions corre-
sponding to larger regions of the inner disk dominated
by radiation pressure.
Finally, we determine the normalization to be
logN =−(10.1 ± 0.4). The normalization is responsible
for setting the position of the inflection point in Figure 4a
as well as the amount of dilution which effects H at high
radio Eddington fractions in Figure 4b. The normaliza-
tion also sets the scale for the velocity of the corona. Tak-
ing the average mass of our samples, 〈logM〉 = 7.6, the
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Fig. 4.— This figure shows how varying the different fit parameters, logN , logLcrit, θ, affects the best fit model shown in Figures 3a&b.
The varied parameters are shown in the legend of each subplot with all other parameters fixed to the best fit values in Table 2. Panel e)
shows the effects of including dilution as a constant versus depending on the reflection fraction as suggested by Cackett et al. (2014).
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predicted velocities of the corona span 0.04 < β < 0.40,
across our radio Eddington luminosity range.
4. DISCUSSION
4.1. Reflection Fractions
Our sample indicates an inverse trend between re-
flection fraction and Eddington scaled radio luminosity.
This is well characterized by a linear fit in log space and
our physically motivated, moving corona-jet model. In
this study, we measure the total reflection fraction with
a xillver model. This is likely to be the sum of the rel-
ativistically blurred reflection from the inner accretion
disk and the distant reflection from the outer accretion
disk or torus. Contrary to our interpretation of a contin-
uous distribution of reflection fractions, one could inter-
pret this inverse correlation as a constant distant reflec-
tion fraction from a torus with a contribution of blurred
reflection in only the low radio Eddington sources. A
survey by Nandra et al. (2007) hints that the distant re-
flection is constant as it shows less scatter compared to
the blurred disk reflection. In addition, the authors find
the average reflection strength in Seyferts with detected
blurred disk lines dominates over the distant reflection at
〈Rdisk〉 = 1.00± 0.18 compared to 〈Rdist〉 = 0.46± 0.06.
Likewise, many studies of radio AGN indicate that the
reflection quantified by the neutral Fe Kα line is very nar-
row, possibly originating from the disk (Lee et al. 2002)
but likely originating in a torus (Nandra & George 1994).
Assuming the standard AGN unification model (Krolik
et al. 1994), where AGN have the same structure with
viewing angle being responsible for the difference in ob-
served spectra, we could expect that all AGN have a sim-
ilar distant reflection fraction from the torus. Therefore,
we might expect a “floor” in the reflection fraction. Our
highest radio Eddington sources strongly argue against
this, as they are well below the average reflection frac-
tion for the distant reflectors in Seyfert galaxies given by
Nandra et al. (2007). This suggests that either 1) the
distant torus is nearly absent in the high radio luminos-
ity sources, contrary to the standard unification model,
or 2) that the distant reflecting region is also sensitive to
the beaming of the corona.
There is strong evidence that 3C 273, our highest ra-
dio Eddington luminosity source, still has a substantial
torus as supported by detections of molecular hydrogen
in the vicinity of the Quasar (Kawara et al. 1989). A
followup study by the authors indicates that the mass in
Quasar tori (3C 273 and IRAS 13349+2438) is roughly
six times larger than in Seyfert galaxies (Kawara et al.
1990), strongly disfavoring the idea that the torus is di-
minishing as AGN move to higher mass-accretion rates.
Therefore, we favor the interpretation that both the disk
and distant reflection are sensitive to beaming of the
corona.
We also examine the hint of larger scatter at low radio
Eddington fractions in Figures 1a & 3a. The largest out-
lier and highest reflection data point is PG 1247+267. At
a redshift of z = 2.038, PG 1247+267 is also an outlier in
terms of distance as the rest of the sample resides below
z < 0.2. It therefore likely resides in a different environ-
ment then the majority of our sample, as the universe
was much denser at z = 2.038. This could have effects
on both the structure of the disk and jet, and resulting in
different measured reflection and jet properties, resulting
in PG 1247+267 being an outlier from the sample distri-
bution.
The rest of the scatter at low radio Eddington fractions
may be due to varying modes of accretion. At a mass-
accretion rate of a few percent of Eddington, the inner
disk is predicted to move from a standard, optically thick,
geometrically thin accretion disk to an advection domi-
nated flow (Narayan & Yi 1995; Narayan et al. 1998). In
such a regime, the inner disk may no longer be as efficient
at producing reflection features, and the jet luminosity
scales differently with mass and mass-accretion rate as
is assumed in Equation 2. Both of these would increase
the scatter of our distribution.
The scatter in reflection measurements may also be
due not including relativistic effects as the corona recedes
closer to the black hole, as is implied by Figure 1b & 3b.
Our model currently saturates at a reflection fraction of
unity because we assume that the velocity is always out-
flowing from the disk as defined by jet structure. If we
allowed for velocities to approach the disk, we could of
course get R > 1 (Reynolds & Fabian 1997; Beloborodov
1999), but would not be able to calculate the correspond-
ing jet luminosity in the analytical form presented here.
In the future, we aim to include general relativistic ef-
fects into our calculations of the reflection fraction with
the goal of better characterizing the low radio Eddington
fraction data. This regime is where the time-lag analysis
data predicts the smallest coronal height above the disk
(Figure 3b), i.e. the region most likely be effected by
gravitational light bending and relativistic effects. Such
an effect would boost the reflection fraction above unity
(Tanaka et al. 1995; Fabian et al. 2000), in agreement
with our highest reflection fraction measurements.
4.2. Corona-Jet Velocities
In addition to quantifying how the AGN reflection frac-
tion and the corona path length to the reflecting region
of the disk scales with radio Eddington fraction, our
model predicts the coronal and subsequent jet velocity
also scales positively with radio Eddington fraction.
Stochastic motions in the corona have been observed
in individual AGN, including in Mrk 335 (Parker et al.
2014; Wilkins et al. 2015) and 1H 0707-495 (Fabian et al.
2009, 2012; Wilkins et al. 2014). Through the use of de-
tail modeling of the Fe Kα line, the reflection fraction is
inversely correlated with flux (e.g., Zdziarski et al. 1999;
Parker et al. 2014; Wilkins et al. 2014, 2015). This is
consistent with the height of the corona increasing above
the disk reducing the amount of light bending, which ul-
timately decreases the reflection fraction, and increases
the continuum flux. Wilkins (2016) take this idea one
step further and suggest the flaring activity in the low
flux states may be reconfigurations of the corona into
a base of a jet. Our own analysis suggests more dra-
matic changes in the corona during even larger changes
in accretion states then examined in these works, but
qualitatively agree with findings of a moving corona.
Physically explaining stochastic motions requires dis-
sipation of energy into the corona and subsequently the
jet. This motion of the corona has therefore been ex-
plained via advection dominated accretion disks creating
outflows (e.g., Blandford & Begelman 1999; Quataert
& Gruzinov 2000), Compton pressure from the disk and
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reflected photons on the corona (Beloborodov 1999; Ghis-
ellini & Tavecchio 2010), or magnetically driven corona
above an accretion disks (Merloni & Fabian 2002; Haw-
ley & Krolik 2006; Tchekhovskoy & Bromberg 2016). In
particular, these last two are most likely applicable to our
sample at intermediate to high mass-accretion rates. In-
terestingly, MHD models of an outflowing corona above
an accretion disk naturally suggest that the velocity in-
creases with height above the accretion disk (Merloni &
Fabian 2002) as well as mass-accretion rate (Ghosh &
Abramowicz 1997). This is consistent with our models,
which assume the velocity scales proportionately to ra-
dio luminosity and consequently mass-accretion rate and
height of the corona. Conversely, the Compton pressure
from the reflected photons as suggested by Beloborodov
(1999) is also a viable model, and occurs simultaneously.
This effect is most efficient when the plasma is made up
of electron-positron pairs. Several works suggest that
electron-positron pair production can regulate the tem-
perature of the corona (e.g., Svensson 1984; Zdziarski
1985; Pietrini & Krolik 1995; Stern et al. 1995; Dove
et al. 1997; Coppi 1999). Recent work by Fabian et al
(2015) comparing theoretical predictions to NuSTAR ob-
servations seems to confirm this, giving viability to this
Compton rocket-like scenario.
On much larger scales further down the jet, changes in
velocity have been used to explain the differences in jet
structure in Fanaroff-Riley (FR) I vs FR II jet morpholo-
gies. In our model, we assume the velocity of the corona
is proportional to the velocity accelerated further down
the jet and therefore is relevant to large scale jet veloci-
ties as well. FR I jets are radio-loud jets with low surface
brightness and diffuse structures, while FR II are jets at
even higher luminosities and are highly collimated, ter-
minating in large impact lobes. A slower velocity in FR
I’s compared to FR II’s would would explain the mor-
phology as the jets would be less collimated and more
likely to diffuse into the surrounding medium (Gendre
et al. 2013). Though it can not be ruled out that en-
vironment also plays a role in these jet morphologies, it
is clear that FR I’s accrete at a lower rate than FR II’s
(Marchesini et al. 2004; Best & Heckman 2012). Thus it
would not be surprising if the flow onto the black hole
is intimately connect to the large scale jets, as we also
suggest here.
In addition, King et al. (2015) examine the velocity of
jet knots close to the black hole using Very Long Baseline
Array (VLBA) archival data, and find that the velocity of
these knots increases with X-ray Eddington luminosity.
whether the X-ray emission is from synchrotron emission
from the base of the jet or Comptonized photons from
the disk, the correlation indicates the velocity scales with
increasing photon energy density close to the black hole,
likely a result of increasing mass-accretion rate. These
knot velocities are much larger than the predicted for
the corona, 0.04 < β < 0.40. This is understood in the
context of these VLBA measured knots being measured
on order of a 104RG from the black hole, and have already
undergone some acceleration along the jet.
4.3. Radiation Pressure Dominated Inner Disk
Along with mildly relativistic corona velocities, our
model predicts that many of the sources are accreting
close to their Eddington rates and enter a vertically ex-
tended, radiation pressure dominated accretion phase in
regions closest to the black hole (Shaded region in Figures
3a&b). Our model assumes that no reflection features
are emitted in this radiation pressure dominated regime
due to the gas being overly ionized. In reality, the ion-
ization is likely to increase gradually, being dependent
on both mass and mass-accretion rate. Thus, the reflec-
tion should still originate close to the ISCO in several
of the sources above Lcrit (lightly shaded region in Fig-
ures 3a&b). This would reconcile many of the analyses
of AGN, like IRAS 13224-3809 (Fabian et al. 2013), that
have detailed reflection measurements emitting from the
ISCO but where we predict a radiation pressure domi-
nated inner disks.
The exact transition of when the inner disk becomes
overly ionized is out of the scope of this paper. Our cur-
rent model does not allow us to constrain this due to our
assumption of “total” ionization as soon as the region be-
comes radiation pressure dominated. Furthermore, the
value of Lcrit is ultimately constrained by our assump-
tions of how the coronal velocity and height scales with
mass-accretion rate and mass of the black hole. In the
future and with more data, we plan to allow these re-
lations to vary freely to more realistically characterize
Lcrit.
Though a rough estimate, Lcrit is still corroborated by
observations of radio-loud AGN that indicate the reflec-
tion region is moving outward. High resolution observa-
tions utilizing XMM-Newton show that, in addition to
a narrow line component, 4C 74.26 has a broad Fe Kα
line coming from the inner disk but located at a distance
> 50RG (Larsson et al. 2008). Such a large distance indi-
cates that not all broad lines are emanating from regions
exactly at the ISCO, possibly caused by over ionization
of the inner disk. Therefore, we postulate that there is
a continuum of reflecting regions along the disk at the
highest mass-accretion rates.
The radiation pressure at the highest mass-accretion
rates may also play a large role in jet production. As the
scale height of the disk increases as it becomes radiation
pressure dominated, the resulting thick inner disk could
be necessary for efficiently confining, collimating and
even accelerating the natal corona into highly relativis-
tic jets (Sarazin et al. 1980; Krolik et al. 2007). Simula-
tions of jets generally support this idea, as they require
a “thick disk” to produce jets and anchor sufficiently
strong magnetic fields (e.g., Meier 2001; McKinney et al.
2012; Foucart et al. 2016). Using the average mass of
our sample, 〈logM〉 = 7.6, we put the critical luminosity,
logLcrit = −(9.6± 0.3) , in terms of an observable radio
luminosity of logL1.4GHz,crit ≈ 39.3 + (17/12 logM7.6)
ergs s−1. Comparing this value to the divide between
“radio-loud” and “radio-quiet” jets, we find the critical
luminosity is just below the divide at logL5GHz ≈ 41 ergs
s−1 (Miller et al. 1990). This indicates the inner disk at
the divide is well into the radiation pressure dominated
regime and may be necessary for launching the strongest
jets. We predict the region dominated by radiation pres-
sure at the dichotomy divide extends to ∼ 100RG, utiliz-
ing Equation 7, which is consistent with the radius mea-
sured in the radio-loud AGN, 4C 74.26 (Larsson et al.
2008).
Finally, we note that the critical luminosity is also de-
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pendent on the mass of the black hole, which is consis-
tent with studies of the radio-loudness dichotomy that
demonstrate the importance of including mass as an
additional parameter in the characterization of radio-
loudness (Broderick & Fender 2011). Broderick & Fender
(2011) show that the radio-loudness distribution is not
actually a dichotomy but rather a continuum when mass
is properly accounted for. This agrees well with our
model, as the inner disk gradually transitions to a radi-
ation pressure dominated regime, and thus would grad-
ually be more efficient at producing stronger jets.
5. CONCLUSION
In this paper, we compare both reflection fraction and
the corona height to jet production, as traced by the
radio Eddington luminosity. We find an inverse corre-
lation between reflection fraction and radio Eddington
luminosity, and a positive correlation of the path length
connecting the corona and reflecting regions of the disk
to the radio Eddington luminosity. These correlations
can be explained via a moving corona that is propagat-
ing into the large scale jets. Our corona-jet model does
well to characterize the data, determining 1) the corona
velocities are mildly relativistic, 2) the corona is “far”
from the disk such that the path length measured from
the time-lags are close to the corona’s height above the
disk, and 3) the inner disk becomes radiation pressure
dominated just before the AGN become “radio-loud”.
The last point suggests that a thick inner disk, due to
the large scale height of a radiation pressure dominated
region, is needed to efficiently collimate and accelerate
jets in AGN.
Future X-ray observations will need to focus on the
strongest radio jet sources. Though the predicted reflec-
tion fractions are small, and the time-lags are large, it
is imperative to increase our sample at the highest ra-
dio luminosities. This is the regime that constrains both
the geometry of the corona and the disk. Both of these
quantities are crucial to understanding outflows in these
accreting systems.
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